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Abstract:  Using metal-clad (or plasmonic) waveguide structures in 
semiconductor lasers carries a promise of reduced size, threshold, and power 
consumption. This promise is put to a rigorous theoretical test, that takes into 
account increased waveguide loss, Auger recombination, and Purcell 
enhancement of spontaneous recombination.  The conclusion is that 
purported benefits of metal waveguides are small to nonexistent for all the 
band-to-band and intersubband lasers operating from UV to Mid-IR range, 
with a prominent exception of far-IR and THz quantum cascade lasers. For 
these devices, however, metal waveguides already represent the state of the 
art, and the guiding mechanism in them has far more in common with a 
ubiquitous transmission line than with plasmonics. 
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1. Introduction  
In the last half century semiconductor lasers (SL) have come a long way from being laboratory 
curiosity to becoming indispensable in every walk of life [1]. The salient features of SL’s – 
compact size, high efficiency and ability to be modulated at high speed assure that the range of 
SL applications expands in step with the expansion of the range of wavelengths in which SL’s 
can operate. Last decade has seen expansion of SL’s range to near UV (nitride lasers) [2] and 
mid and far-IR (quantum cascade lasers) [3] and has seen the birth of photonic integrated 
circuits (PIC’s) in which SL’s serve as key components. Photonic integration places even more 
stringent demands on size and power consumption of SL’s and the field has made significant 
strides in reduction of these two characteristics, which includes VCSEL’s, micro resonator 
lasers, and use of quantum dot active materials. Yet in the end, all of these techniques are 
bounded by the diffraction limit hence there has been an extensive effort to circumvent the 
diffraction limit by various techniques, typically involving use of metals [4]. These efforts 
coincided with rapid advancements in the field of plasmonics [5], where the field concentration 
on the sub-wavelength scale have been achieved and successfully used to enhance various linear 
and nonlinear optical processes. For these reasons, any laser structure incorporating metal had 
become known as a “plasmonic”, or, better “nano-plasmonic laser” [6-16]. Even a new term 
“Spaser” [17-19] had been coined to describe the generator of coherent surface plasmon 
polaritons. The validity of using the term “plasmonic” versus less trendy “metal clad” will be 
discussed further on, but one can summarize the practical developments by saying that metal-
clad lasers with sub-wavelength confinement in one or two dimensions had been successfully 
demonstrated in various spectral regions with varied results. The lasing thresholds ranged from 
comparatively low in the far-IR and THz regions to prohibitively high in near IR and visible so 
that in the visible range the lasing could only be achieved by strong optical pumping. As far as 
lasing in truly sub-wavelength in all three dimensions structures, there has been plenty of 
theoretical research with only a single report of optically pumped lasing.  In our prior work [20-
22] we have addressed the issues impeding development of sub-wavelength injection pumped 
lasers, namely high loss in the metal and rapid increase in spontaneous recombination rate 
caused by Purcell factor. Most of our work had been focused on the aforementioned sub−λ in 
all 3 dimension lasers (or spasers) which were shown to have prohibitively high threshold 
currents, broad linewidth, ,high noise and low efficiency. Less attention had been paid to far 
more practical metal-clad devices which are many wavelengths long along lateral dimension, 
and, while perhaps not as exhilarating as spasers, have been operated by a number of groups in 
various spectral ranges. In this work we shall examine the performance of metal-clad SL’s over 
a wide range of wavelengths – from 0.5µm to 100 µm using essentially a single criterion of 
whether use of metal waveguide to confine the laser mode beyond diffraction limit can lead to 
the substantial reduction of lasing threshold.  Our results will show that delicate interplay of 
many factors: loss in the metal, free carrier loss in semiconductor, Auger recombination, Purcell 
enhancement of radiative rate leads to dramatically different results in different spectral regions. 
2. Surface plasmon polaritons and metal-clad waveguides 
As mentioned in introduction, when metal, or other material with a negative dielectric constant 
ε  is present, diffraction limit can be circumvented. The photons in the dielectric with refractive 
index  nd that propagate with high velocity c/nd (and therefore having long wavelength λ/nd) get 
coupled with electrons that move with orders-of-magnitude lower Fermi velocity and have 
correspondingly much short wavelength. The net result is a surface-plasmon polariton (SPP), a 
quasi-particle that is partially a photon (i.e. electromagnetic field) and partially a plasmon 
(collective charge oscillation of free electrons) that effectively has a wavelength  that is shorter 
than λ/n and can be confined to the dimensions beyond  the diffraction limit. SPP’s exist in two 
varieties – propagating ones that are the subject of this work and the localized ones.  Localized 
SPP’s can also be used as cavities of nano-lasers, but, as shown in [22] the lasers based on such 
structures with only a few, or a single lasing mode (spasers) have exceptionally high thresholds 
and low coherence, and is not amendable to injection pumping. 
 
Fig.1 (a) Interface SPP  and (b) gap SPP propagating in metal clad semiconductor waveguide.  
The propagating SPP shown in Fig.1.a is essentially a transverse magnetic (TM) wave 
propagating on the interface between a dielectric with a positive dielectric constant 2d dnε = and 
a metal with a dielectric constant 2 21 / ( )m p iε ω ω ωγ= − + whose real part is negative. The metal 
dielectric constant depends on two important factors – plasma frequency pω  band momentum 
scattering rate γ . For most commonly used in plasmonics gold and silver plasma frequency is 
in deep UV ( 16 1~ 10p sω
− ) while the scattering rate is on the scale of 14 10.5 10 sγ −> × . The 
scattering rate is high because the density of states in the metal is extremely high in comparison 
to density of state of photons. The transverse electric field in the propagating SPP is  
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If one introduces effective refractive index as the ratio of propagating constant β  to the 
wavevector in the dielectric, it can be found as  
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while the decay constants in the metal and dielectric, also normalized to the wavevector in 
dielectric become 2, /m eff eff m dq n ε ε= −  and  
2
, 1d eff effq n= −  respectively. The penetration 
length of SPP in the metal, is always very small, and the effective width of SPP can be defined 
as width that contains 95% of SPP energy, 1,(3 / 4 )spp d m effW n qλ π
−≈ . The minimum optical mode 
size achievable in all dielectric waveguides is about / 2 dnλ , hence, if we define onset of the 
“deep sub-wavelength confinement” as / 4spp dW nλ≤ , this confinement takes place when 
1.4effn ≥ , or / 2 1p dω ω ε≥ + , which for silver and gold indicate 600nmλ < . Therefore 
using simple interface SPP can shrink the size of the propagating mode by a factor of two or 
narrower than the width of the mode in the dielectric waveguide only for the blue and green 
lasers. Gold becomes very lossy at these short wavelengths due to onset of interband absorption, 
which leaves one with silver that is not compatible with most SL fabrication processes. 
Therefore, one should look beyond a simple interface SPP for a scheme where deep-sub-
wavelength confinement is attainable for any wavelength. 
This bring us to the SPP’s in metal slot waveguide, also referred to as the gap SPP shown 
in Fig. 1b, which of course has uncanny resemblance with the transverse electro-magnetic 
(TEM) wave in the microstrip ransmission line. The transverse electric field distribution in the 
waveguide with the slot width a is  
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and obviously the effective width of the SPP mode is equal to the slot width no matter what is 
the frequency. The normalized decay constant can be found from the self-consistent dispersive 
relation  
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For the frequencies far from the surface plasmon resonance, / 1p dω ω ε<< + , or practically 
speaking for 800nmλ > , | |m dε ε>>  which makes , 1d effq <<  , and for small gap size a λ<<  
one immediately obtains from (4)  
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and 2 21 /eff pn aλ≈ +  , indicating that effective index depends only on the ratio of the gap 
width and plasma wavelength 140p nmλ ≈ . This is a rather interesting result that indicates that 
independent of the wavelength, the electromagnetic wave propagating in slot waveguide retains 
its strictly photon character for as long as the slot width is much larger than plasma wavelength 
and a very small fraction of energy penetrates the metal. Only for the slot sizes of less than a 
few hundred nanometers the energy is coupled into the oscillating motion of free electrons in 
the metal, and the mode can be called a “true” slot SPP, rather than a simple TEM wave.   
As the field penetrates metal the loss of SPP mode increases and this loss can be 
estimated with a surprising ease using energy balance considerations. If one considers an 
electromagnetic mode in the dielectric waveguide, propagating with a wavevector /d dk n cω=  
amplitudes of electric and magnetic fields at each point are related as ( )1/2/H Eε µ=  and the 
densities of electric 1 24Eu Eε=  and magnetic 
1 2
4Hu Hµ= energies are equal to each other. Thus 
the energy oscillates back and forth between magnetic and electric forms, similar to the energy 
transfer between kinetic and potential energy in a mechanical oscillator. In the SPP with 
propagation constant eff dn kβ =  the relation between the fields is ( )
1/2/ / effH E nε µ= and the 
magnetic energy becomes less than electric energy, 2/H E effu u n=  . The difference, 
2(1 )K eff Eu n u
−= −  is the kinetic energy of electrons in the metal. In the SPP the energy gets 
transferred back and forth between electric energy and combination of magnetic and kinetic 
energies, with the fraction of latter increasing with increase of effn . Since the electrons in the 
metal scatter with the rate γ  one can estimate the rate of energy loss of the SPP as 
2 2 2
, ,(1 ) / (1 )eff eff d eff d effn q qγ γ γ
−≈ − = + . For the wavelengths far from SP resonance one than can 
use (5) to obtain a result /eff p aγ γλ≈ , from which the propagation length can be found as 
1 1 /SPP eff g p d gL v c an nγ γ λ
− −= ≈  where /gv ω β= ∂ ∂  is a group velocity and 
/g eff effn n nω ω= + ∂ ∂  is effective group index. The result is most interesting as it shows that in 
this rough approximation SPP propagation length does not depend on the wavelength λ This 
can be explained by the fact that imaginary part of the dielectric constant of the metal is roughly 
proportional to λ while the propagation constant is proportional to 1λ − . It follows then, that for 
the long wavelengths the waveguide that is substantially sub- λ , still remains relatively large 
in comparison to the plasma wavelength and thus experiences lower loss.  For example if we 
chose a quarter-wave wide gap / 4 da nλ=  we obtain
14 /SPP p gL c nγ λ λ
−≈ .   In addition to this, 
as the wavelength increases the inherent free carrier absorption fcα  in the doped regions of 
semiconductor, proportional to 2λ −  increases which makes metal loss relatively less important. 
All of this allows us to make a wide prediction that using metal clad waveguides in SL’s is most 
advantageous at long, wavelengths, such as far IR and THz ranges.  
 
3. Injection pumped metal clad SL’s in the visible to near IR ranges 
 
We now consider the possibility of achieving the lasing in the metal clad semiconductor 
waveguides using injection of carriers into –p-n diode. Rather than evaluating the lasing 
threshold which requires the gain to be sufficient to compensate the sum of waveguide loss and 
the mirror loss, which makes threshold dependent on particular laser design, we simply evaluate 
the transparency gain coefficient 1tr SPP fcg L α
−= + , required to compensate the sum of losses in 
metal and doped semiconductor regions, transparency carrier density trN  at which this gain is 
achieved, and the transparency current density trJ required to maintain this current density. In 
well –designed laser operating with decent slope efficiency mirror (or output coupling) loss 
must exceed the waveguide loss, actual threshold values are typically a factor of a few higher 
than transparency values, which does not make a big difference for our order-of-magnitude 
comparison.  
To find trN one finds the frequency dependent gain at a given carrier density trN as  
 ( ) [ ]
1/2
0
2
2 2( , ) ( , ) ( , )
3
r
g c c v v
d eff
Ag N E f E N f E N
n n
α µω ω = − − 
 


  (6) 
where 0 1 /137α =  is a fine structure constant, rµ  is a joint density of state mass, ( , )c cf E N
and ( , )v vf E N are the Fermi function of the conduction and valence band states involved in the 
optical transition with energy c vE Eω = −  , gE  is the bandgap energy, and 
2 2
02 /r gA P m Eµ=   
where P  is the transition matrix element and 0m  is the free electron mass. As a consequence 
of k.p theory of band structure near the zone center,   for most of the semiconductors considered 
here A is close to unity, ranging from 1.1 for GaAs to 1.3 for InAs.  
Equating the maximum gain from (6) to the transparency gain trg  yields the value of 
transparency carrier concentration trN and the value of transparency current density is found as 
the sum of radiative recombination and Auger recombination currents, i.e.  
3( )tr rad tr trJ ea R N CN = +   , where C  is Auger recombination coefficient, and the radiative 
recombination rate is  
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where Purcell factor, caused by  increased density of states is  
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Let us now consider the results for the Ag waveguides with three different active media, 
In0.4Ga0.6N laser emitting in blue-green at 490nmλ = , GaAs laser emitting in near IR 
820nmλ = , and In0.53Ga0.47As emitting at telecommunication wavelength 1550nmλ = .  In 
these calculations actual values of Ag dielectric constant are used, rather than Drude 
approximation.   
In Fig.2a the dependence of the effective index effn  on gap width a  is shown – as 
explained in the previous section the dependence is generally flat for ~ 140pa nmλ>  and then 
rises rapidly. Similarly, transparency gain coefficient trg  shown in Fig.2b changes rather slowly 
for pa λ>  and then experiences drastic increase as field penetrates inside the metal. Both 
effective index and transparency gain are higher for shorter wavelengths as dielectric constant 
of Ag deviates from the Drude expression and also increase in carrier-carrier scattering rate at 
higher photon energies.  The effective propagation length of SPP 1SPP trL g
−≈  ranges from tens 
of micrometers at 1550nmλ = to just a few micrometers at  490nmλ = . 
In Fig.2.c Purcell factor PF  is shown which becomes important only at rather narrow gap width 
of 50nm. Transparency carrier density trN (Fig.2d) ranges from few times 
18 310 cm−  for wide 
In0.53Ga0.47As waveguides to as high as 20 310 cm− in the narrow In0.4Ga0.6N structures. The 
ultimate result is the dependence of the transparence current trJ  shown in Fig.2.e. As one can 
see trJ  is high, yet reasonable 3 -5 kA/cm2 for In0.53Ga0.47As waveguides that are more than 
200nm wide. But these are the transparency and not threshold currents which should be in the 
range 10kA/cm2 which is more than  an order of magnitude higher than what can be achieved 
in the conventional double heterostructure lasers with the comparable mode size [23]. As the 
gap size decreases the transparency gain increases and reaches 100kA/cm2 at a~50nm when the 
effective index reaches the value of ~ 1.4effn , i..e when the wave propagating in the gap can 
be considered a “true” SPP, and the confinement is “deep sub-wavelength”. Clearly, increase 
in the metal loss and onset of Auger recombination increase the threshold current density far 
more than it is reduced by the reduction of active volume.  Situation is more dire for shorter 
wavelengths, where the trJ  is always at least a few tens of kA/cm2. Interestingly, at very small 
gap dimensions the transparency current in GaAs exceeds that in InGaN due to Auger 
recombination.  Also notice that Purcell factor here brings no benefit whatsoever because it 
increases the density of all modes into which spontaneous decay occurs, while the stimulated 
emission takes place into just one propagating mode. From the point of reaching transparency, 
the only benefit of having a smaller gap is reduction of active volume size, but this benefit 
happens to be outweighed by the increase in loss as the field penetrates the metal. Furthermore, 
active volume in conventional SL’s is also routinely decreased by using quantum well and 
quantum dot lasers with separate confinement and in this structures the transparency current 
density is indeed reduced dramatically. Note also that high pump densities, reaching 1 MW/cm2 
and more can be achieved by pulsed optical pumping [14-16], which is remarkable from the 
scientific point of view, but, practical applicability of these devices is debatable.  
 
 
 
Fig.2 Dependences of pertinent characteristics on metal clad injection SL’s operating at different 
wavelength in visible and near IR on the gap size a. (a) Effective index (b) Transparency gain 
coefficient (c) Purcell factor (d) Transparency carrier density and (e) Transparency current 
density.  
 
 
4. Metal clad quantum cascade lasers  
  
(a)
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We now turn our attention to the long wavelength quantum cascade lasers (QCL’s) [3] based 
on inter-subband transitions in semiconductor superlattices that can be designed to operate 
anywhere from mid-IR to THz range. Using metal clad waveguides in the IR and THz ranges 
may be advantageous for more than one reason. First of all, as operational wavelength λ  
extends beyond 10 µm, the minimum thickness of the active layer / 2 dnλ becomes 
progressively thicker .Second, the index contrast between lattice matched III-V semiconductors 
decreases with the increase of wavelength, which adversely affects the confinement and further 
increases the required thickness of active region beyond / 2 dnλ . Third, as mentioned above, the 
free carrier losses in the doped semiconductors increase as 2λ , while at which makes metal loss 
relatively less important. And finally, the metal loss itself decreases with wavelength as smaller 
fraction of the field is contained in the metal. 
We have analyzed three different QCL’s operating in the mid-IR at  4.5 mλ µ= with parameters 
from [24], in far-IR 24 mλ µ= (described in [25]) , and THz QCL at 100 mλ µ= as described 
in [26]. Since the losses of Ag and Au at long wavelengths are roughly equal, we have used Au 
in our numerical calculations, results of which are shown in Fig.3   
 
Fig.3 Dependences of pertinent characteristics on metal clad QCL’s operating at different 
wavelengths from mid IR to THz  on the gap size a. (a) Effective index (b) Transparency gain 
coefficient (c) Transparency current density (d) Transparency power  density  
 
In Fig3a one can see the change of effective index as a function of gap width. Since in mid and 
far IR dielectric properties of Au are well described by Drude formula, as expected from our 
analysis the three curves for three very different wavelengths are nearly identical. Furthermore, 
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the  field penetrates the metal and effective index exceeds unity only for sub-micron gap sizes, 
hence one can expect the metal losses to stay relatively low. As shown in Fig3b the transparency 
gain coefficients are indeed much lower than in near IR and visible, but quite different for three 
different wavelengths. This has to do with different free carrier absorption as well as with strong 
lattice absorption at 24 mλ µ= which is not far from the Restrahlen region.  
Transparency  current densities are shown in Fig3.c – they are lower than in near IR 
and visible, but for the mid IR wavelength 4.5 mλ µ=  the current densities still exceed those 
reported with all dielectric waveguides in [24] which shows that in mid-IR metal clad 
waveguides are still inferior to the dielectric ones. For the longer far IR and THz wavelengths 
the metal clad waveguide becomes a necessity, and these waveguides were indeed successfully 
used in the works [25,26] as well as in many others [27,28] A strong argument for using metal 
clad waveguides can be seen in Fig.3d showing that as the active layer thickness is reduced, so 
is the voltage drop on QCL and the power density required for the transparency.  
 
 
5. Conclusions 
 
In this work we have analyzed the impact of using metal clad cavities to reduce size and 
threshold power density of electrically-pumped SL’s operating in wide range of wavelengths – 
from blue-green to 100 µm. In order not to be tied to any particular laser design we have 
concentrated on evaluation of the transparency current and power densities required to 
compensate for all the intrinsic waveguide losses, dominated by the loss in the metal. Our 
conclusions can be summarized as follows. First of all, realistically, loss compensation can be 
achieved only in the waveguides that are wide enough to keep the effective wavelength not 
much shorter than wavelength in the dielectric (effective index only slightly higher than unity). 
Hence the actual laser will have to be at least half wavelength long in the longitudinal direction. 
The wave propagating in such structure retains its photon character with a very small 
contribution from the plasmons, and, in fact has much more in common with ubiquitous 
microwave transmission line than with SPP. If anything, characterizing such laser as a “spaser” 
would be preposterous. Second, on the practical level, up to and including mid-IR region, 
realistic metal clad lasers have substantially higher thresholds than all-dielectric counterparts, 
while actually not being much smaller than the latter. Only in the far-IR and THz regions metal 
clad lasers do hold significant advantage, the fact well known and universally used, but once 
again, in these regions, talking about plasmonics makes little sense since the frequencies 
become comparable or less than scattering rates in the metal, making the whole concept of 
plasmon questionable. Using analogy with electronic circuits, so elegantly done in [29] makes 
far more sense.  
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